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Hydraulic fracturing is widely accepted and applied to improve the gas recovery in unconventional
reservoirs. Unconventional reservoirs to be addressed here are with very low permeability,
complicated geological settings and in-situ stress ﬁeld etc. All of these make the hydraulic frac-
turing process a challenging task. In order to effectively and economically recover gas from such
reservoirs, the initiation and propagation of hydraulic fracturing in the heterogeneous fractured/
porous media under such complicated conditions should be mastered. In this paper, some issues
related to hydraulic fracturing have been reviewed, including the experimental study, ﬁeld study
and numerical simulation. Finally the existing problems that need to be solved on the subject of
hydraulic fracturing have been proposed.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Background
Unconventional gas mainly includes shale gas, tight gas and
coal seam gas. Shale gas is commonly in mudstone, shale and
between them the interlayers of sandstone. Tight gas often has
been stored in tight sandstone or sometimes limestone. Coal bed
methane is containedwithin coal seams. Their common attribute
is that the permeability of the matrix is very low, and the
permeability often has been improved by artiﬁcial or natural
fractures [55]. However, the differences between them are also
signiﬁcant. For example, the effective shale thickness for gas
production should be more than 15 mwhile the height of coal is
generally from 0.6 m to 5.0 m [68], as coal seams to be fractured
may bemultiple and thin, hydraulic fracturing in coal needs to be
more accurately designed and controlled. Moreover, the Young's
modulus of coal is smaller than shale and tight sandstone, the
permeability of coal is more sensitive to stress due to thetroleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bdevelopment of cleat system, and leakoff in coal may be more
severe, which can signiﬁcantly affect the fracturing result. Due to
the complexity of unconventional reservoirs, it is challenging to
predict the initiation and propagation of hydraulic fractures [39].
For example, the complex in situ stress state and distribution of
rocks of varied attributes, which may change the proﬁle of hy-
draulic fractures [38]; the existence of arbitrary pre-existing in-
terfaces may diversify or arrest hydraulic fractures [93]; the
temperature effect [75]; the ﬂuid loss and transport of proppant;
the competition between hydraulic fractures, and its recession
and closure [4]. Thus, it is crucial to explore how hydraulic
fracturing process will happen in complex geological settings.
Firsthandmaterials of hydraulic fracturing come from in-door
experiments, and ﬁeld study. Laboratory study undergoes from
small-scale rock samples with several cubic centimetres to large
ones with one cubic metre or more. Since it is easy to control the
stress conditions and make artiﬁcial structures within samples,
hydraulic fracturing process with different stress ﬁeld and rock
structures can be conveniently studied. Especially in large scale
experiments, it is possible to build a full size borehole, or to
control the development of hydraulic fractures, and the hydraulic
fracture geometries can be obtained easier and parametric study
can be quite handy [7,41].
Field study is much more complex because the mechanical
traits and geologic conditions and in-situ stress ﬁelds are
different and unique while laboratory experiments can being by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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can be easily added by in situ experiences [87]. Many methods
can be used to evaluate hydraulic fracturing in ﬁeld study. For
example, historical production data such as bottomhole pressure
and near-wellbore pressure losses can be used to understand the
fracturing process [45]; sonic anisotropy and radioactive tracer
logs can be used to analyse hydraulic fracture geometry [76]; and
both resistivity and acoustic imaging can be used to evaluate
dominant fracture azimuths and borehole features [44].2. Inﬂuences of in-situ stresses on hydraulic fracturing
In order to optimize gas production in shale, it is necessary to
create as much contact area between the unconventional gas
reservoir and fracture system as possible, within economical
permit. Stress condition in formation is a dominating factor in
creating hydraulic fractures at different locations and being able
to control their propagation [51]. Warpinski and Teufel [87]
showed from ﬁeld results that in-situ stress was the overriding
factor that inﬂuenced the fracture propagation when it was in a
high-stress region compared to interfaces, modulus, strength
changes, ﬂuid pressure gradients, and most bedding planes. Near
wellbore stress condition can control the initiation and propa-
gation of hydraulic fracture, and the size of hydraulic fracture and
injected ﬂuid can also change the stress ﬁeld in the reservoir.
Also the real time change along the near wellbore can change the
hydraulic fracture direction and affect the production greatly
[3,9,90]. The differences in far-ﬁeld principal stress can alter the
direction of hydraulic fractures and also determine whether
there is a main fracture or there are many secondary fractures, as
well as the shape of fracture has also been constrained [23,88].
But Abass et al. [2] pointed out that the near wellbore stress ﬁeld
can control the hydraulic fracturing in its early stage, and once
the fracture extended into the original stress ﬁeld, its propaga-
tion will be controlled by the original stress ﬁeld. Thus, the well
should be perforated to bypass the near wellbore stress ﬁeld in
order to create oriented fractures perpendicular, angularly or
longitudinal to the wellbore, as shown in Fig. 1.
Stress difference not only inﬂuences the direction of hydraulic
fractures, but also the quantity. Zhou et al. [96] found that within
the scope of high horizontal stress difference, hydraulic fracture
was a dominating fracture with random multiple branches,
while within the scope of low horizontal stress difference the
hydraulic fracture was partly vertical, planar fracture with
branches. Moreover, they related the pressure proﬁle to natural
network conditions. For example, a high frequency of pressureFig. 1. Fracture geometry with different wellbore orientations relative to in-situ
stress ﬁeld [2].ﬂuctuation during fracture propagation could mean the exis-
tence of small natural fractures while the smooth pressure could
mean the existence of natural fractures with strong network.
Stress ﬁeld will be changed during or after hydraulic fracturing
process, thus, hydraulic fractures maymutually affect each other.
Rabaa [30] found that because the stress ﬁeld was changed after
the fracture was created, subsequent created fracture would be
affected by the new stress ﬁeld and would not be parallel to the
ﬁrst fracture. Moreover, stress ﬁeld with other factors, such as
ﬂuid viscosity and ﬂow rate, may be together affect hydraulic
fracturing process. For exampleWeijers et al. [89], experimented
on hydraulic fractures induced from horizontal wellbores. They
found that transverse fractures happened with low ﬂow rate,
viscosity and high horizontal stress contrast, while axial fracture
initiated with higher ﬂow rate and viscosity. Especially, multiple
fractures occurred when the wellbore was oblique to the
preferred plan.
The intersection angle between in-situ stress and wellbore
direction directly affects the orientation of hydraulic fracture,
and due to the geological structure and stress condition, the
expected initiation and propagation of hydraulic fracture will
reversely determine the spacing of wells and fractures, and
orientation of wells [49,57]. Thus, in order to effectively perforate
strata and develop dominant fractures and maximize fracture
complexity, it is important to master the stress condition in the
reservoir and also know how it will evolve with hydraulic frac-
turing process [14,52]. However, the initiation locations of hy-
draulic fractures are usually equally spaced, which is a waste of
fracturing capital because the formation is heterogeneous [73].
Thus, in order to properly select locations for hydraulic fractures,
factors such as near wellbore stress condition, wellbore direc-
tion, direction of principal stress etc. should be considered with
cautious [21]. Horizontal well is popular in unconventional gas
stimulation because it can greatly increase the contact area be-
tween fracture and reservoir. Experiments on horizontal wells
from Ref. [1] showed that hydraulic fracturing was signiﬁcantly
inﬂuenced by its deviate angle from the direction of maximum
horizontal stress. They found that the initiation pressure was
related to the angle; if the angle was not 0, crack would be
reorientated into the direction perpendicular to the minimum
in-situ stress, during which shear failure would occur but fol-
lowed immediately by tensile failure; if the angle is 45, multiple
parallel fractures happened, which would cause screenouts and
high treating pressure; besides, T-shaped crack would be
generated due to the near wellbore stress ﬁeld if the overburden
stress was the highest among the three principal in-situ stresses.
In shale gas reservoirs horizontal wells that can reach 1600 m
long are predominant [12,26], multiple hydraulic fractures are
placed along horizontal wells and multi-stage fracture often has
been performed [18]. Earth deformation is signiﬁcant because of
the leakoff, anelastic deformation, enlarged fracture width when
hydraulic fracturing has been performed in a large area, or re-
sidual fracture width is common after hydraulic fracturing due to
rough fracture surface and/or sliding [86]. Stages of hydraulic
fracturing process will be performed on a single well or on
multiple wells, moreover, simultaneous and sequential fracking
has been adopted to lead the orientation of hydraulic fracture
[13,85]. Previous hydraulic fractures impacts on later fracking
work and simultaneous fracking will inﬂuence each other by
reforming the stress ﬁeld and transﬁguring the formation
[46,64,88]. Different spacing will lead to different stress condi-
tion which can prevent/enhance secondary hydraulic fractures
[88]. Moreover, contact area between hydraulic fracture and rock
matrix has been enlarged by increase the fracture complexity or
networking [59,66]. Even in some cases, bottomhole pressures
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in-situ stress proﬁles and affect the fracture propagation [46].
However, the complex geological structure and stress condition
is unable to be reproduced in in-door experiment. Thus, the
numerical methods are effective tools for ﬁguring out the
mechanisms of hydraulic fracturing in intricate geological
setting.3. Inﬂuences of complex geological structures on hydraulic
fracturing
(1) Effects of heterogeneities of rocks
Heterogeneities of rocks also have an impact on hydraulic
fracturing, such as the variation of rock properties including the
permeability, porosity and Young's modulus [53]. Fluctuations of
averaged porosity and permeability may be intense due to the
range and position of selected area [40]. As shown in Fig. 2, in the
experiments of [40]; debonded grains were found in the front of
fracture, but in the grains micro-cracks also had been created but
insufﬁcient to breakdown the grain. However, if the compaction
stress was large enough, grains would be crashed in front of the
fracture. Moreover, under compressive stress state, the deboned
and/or crashed grains could repack into tighter and less porous
conﬁguration around the fracture tip, which changed the
regional porosity and permeability, as well as the stress condi-
tion that dominated the propagation of fracturing. Also, the
permeability of faults could be strongly affected by in-situ stress
magnitudes and orientation [10], thus, it is important to trace the
variation of stress-permeability during hydraulic fracturing
process, but now it can only be evaluated after the fracking is
ﬁnished [44].
The contrast between rocks may also inﬂuence hydraulic
fracturing. The layered composite of most sedimentary forma-
tion require the study of the extension of hydraulic fractures in
heterogeneous rocks [54]. Teufel and Clark [81] found that the
elastic properties of either side of the interface could inﬂuence
the propagation of vertical growth by affecting the vertical dis-
tribution of the minimum horizontal stress state, because theFig. 2. Pore-scale fracture front in sandstone [40].increase in minimum horizontal in-situ stress in the bounding
layers and a weak interfacial shear strength of the layers could
contain vertical growth of hydraulic fractures. For composite
rock, differences in Young's Moduli and the ﬂuid volume within
the fracture and the conductivity and productivity in adjacent
layers can inﬂuence the width of hydraulic fracture if it grows
across the interfaces [28,79]. The ﬁrst is layers of higher strength
may be micro-cracked for they take more stress; yielding in soft
rock that dissipates the energy can also contain the fracture or
cause discontinuous fractures; interface slip may retain the hy-
draulic fracture or deviate the path, as shown in [86] (Fig. 3).
It is common that rock exhibits elastic-brittle behaviour, but
sometimes the rock for hydraulic fracturing is not in elastic-
brittle. For example [19], did a series of both small and large scale
tests on particular rocks. Three kinds of fracture fronts had been
observed. They were round, bevelled and ﬁngered, as shown in
Fig. 4. It was observed that cavity expansion was ﬁrstly occurred
before the injection pressure reaches its peak, then hydraulic
fracture initiated from the expanding cavity near the pressure
peak, and ﬁnally it propagated after the pressure peak. Boundary
instability also had been observed in small scale tests, and plastic
deformation and compressive stress state were important to
hydraulic fracturing.
Density also can inﬂuence hydraulic fracturing process.
Hanson et al. [42] researched on the effects of elastic modulus,
friction coefﬁcient of the interface and density of the rock sample
on hydraulic fracturing geometry based on unbounded interface
tests. They concluded that lowering the friction on the surface of
pre-existing fracture had a similar effect on lowering the elastic
modulus of the rock on the opposite side of the pre-existing
fracture. They also concluded that a change in elastic modulus
across the interface had a greater effect than a change in density.
(2) Pre-existing fracture
In ﬁeld, natural fractures although several feet far from the
widespread hydraulic fracture would open or slip due to hy-
draulic fracturing process [86], and the hydraulic fracture could
transvers a large pre-existing weak plane, or be arrested by the
plane, or grow along an end of the plane. Moreover, deviated
wellbore often produces non-planar fracture [1], reorientation
and interaction between fractures [61].
Lamont and Jessen [54] found that hydraulic fracture was
capable of extending across pre-existing fractures of varying
width and orientation, but it also depended on the direction of
least-compressive stress and location of pre-existing fracture.
Moreover, the width of the pre-existing fracture would not
prevent hydraulic fracture if ﬂuid ﬂow had been injected enough.
Daneshy et al. [27] attributed the effects of pre-existing fractures
to its inﬂuence on local stress ﬁeld. Their experiments showedFig. 3. Composite behaviour for height growth [86].
Fig. 4. Fracture proﬁles in different types of particulate materials: (a) mixture of ﬁne sand of silica ﬂour; (b) silica ﬂour; (c) Georgia Red Clay [19].
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very locally inﬂuenced induced hydraulic fracture, and were
unable to change their overall orientation. But the hydraulic
fracture could transvers a large pre-existing weak plane, or be
arrested by the plane, or grow along an end of the plane. The size
of pre-existing fracture is not the only reason that may affect
hydraulic fracturing process. Blanton [11] showed that only un-
der high differential stresses and high angles of approach hy-
draulic induced fractures would cross pre-existing fractures. In
most of their tests the hydraulic fractures were either diverted or
arrested by the pre-existing fractures. The results implicated that
in the ﬁeld hydraulic fractures were more likely to have diverted
wings at different angles or have truncated wings of different
lengths.
The open or close state of small pre-exiting fractures, such as
ﬁssures, micro-cracks, is important for production because they
can change the regional properties of reservoir [22,36]. Gale et al.
[33] studied the natural fractures in the Barnett shale. It is found
that the natural fractures distributed in a power-law size mode
and the largest fracture would stay in open state. The open frac-
ture could on one hand prevent the propagation of hydraulic
fracture, and on other hand contribute to the ﬂow network that
connected to the wellbore. A group of natural fracture often per-
formed a high anisotropy that depends on their linkage to hy-
draulic fractures, and if they were connected to water, they could
be detrimental. The evolvement of the fractures around the main
fracturewould increase the regional permeability, but it also could
lead to signiﬁcant leakoff, which could limit the development of
hydraulic fracture. However, it is hard to determinewhether these
fractures are in open state and stay as viableﬂowpaths [47,72]. The
key factor that can blunt the fracture propagation is shear sliding
along the interface [28] and Anderson et al. [6] found that if the
frictional properties changed along the interfacial surface close to
hydraulic fracture, the path of the fracture could be alerted. In
their experiment, the hydraulic fracture could also be impeded by
the opposite surface of the intersected interface. Warpinski and
Teufel [87] showed the ﬁeld results of the inﬂuence of geologic
discontinuities on hydraulic fracture propagation from mineback
observations at shallow depth. They observed that hydraulic
fracture could penetrate into joints through the interface, while
often terminate near faults, and the orientationwas often changed
when they succeeded to propagate across the faults. They also
observed that hydraulic fracturewas terminated at a parting plane
but with a small length of propagate, and the reasonwas that the
frictionwas enough to reinitiate the fracture on the other side but
therewas not sufﬁcient transmitted stress to let it propagate easily
in the higher stress layer.
In some situations, natural fracture may be ﬁlled with
different kinds of minerals, which forms a combination and the
strength of the combination may have an inﬂuence on hydraulicfracturing process. Casas et al. [17] studied hydraulic fracturing
process with different bond strength of pre-exiting fractures.
They used epoxy and grout to ﬁll in interfaces within the rock
sample to make artiﬁcial joints which had different stiffness.
They found that the epoxy joint with a lower stiffness than the
rock sample arrested hydraulic fracture while the grout joint
with a higher stiffness than the rock sample did not stop the
fracture crossover.4. Numerical methods for hydraulic fracturing modeling
Hydraulic fracturing basically involves three processes: (1)
the deformation of fracture surfaces; (2) the ﬂuid ﬂowwithin the
fracture; (3) the fracture propagation [4,43]. Linear elasticity is
usually used as the deformation law of rock; power law ﬂuid is
set for the ﬂuid within the fracture; linear elasticity fracture
mechanics theory is usually adopted as the propagation law; an
additional term is often given to the ﬂuid ﬂow equation to
calculate the leakoff effects [4,15].
The theoretical models of hydraulic fracturing have been
developed for more than half a century. The classic hydraulic
fracturing 2Dmodels contain PKNmodel [65,70] and KGDmodel
[34,50]. Green and Sneddon [35] studied the problem of a ﬂat
elliptic crack under constant loading. PKN is applicable when
fracture length is much larger than the height, because it as-
sumes a plain strain in vertical direction [65,70]; while KGD
model assumes the crack width in horizontal is independent of
its vertical position, thus, it is only reasonable when the height is
much greater than its length [34,50]. In order to investigate the
fracture propagation with different height, Pseudo-3D (P3D)
models have been developed based on PKN models. Mainly,
there are two categories in P3D modes: one is cell-based models
in which fracture has been divided into several self-similar cells
along horizontal direction [32,78]. Another is known as ‘lumped
model’, which assumes a fracture consists of two half ellipses of
equal lateral extent but different vertical extent [24]. However,
these models cannot simulate fracturing with arbitrary shape,
and palaeo stress would be regionally inversed in some ﬁeld,
which would cause widespread horizontal micro-cracks, and
excess leakoff and ﬁssure pressure storage would make pseudo-
3D models and linear-elasticity inappropriate [45]. Thus, PLanar
3D (PL3D) models have been developed [5,78]. In PL3D models,
fracture and the coupled ﬂuid are simulated either moving
triangular mesh [5,25], or ﬁxed rectangular mesh [8,77]. PL3D
assumes that the shape of hydraulic fracture is arbitrary and can
be represented by a Green's function [77]. But it requires a
consistency condition between layers [5], and cannot simulate
‘out of plane’ fractures [15], and the use of Green's function
makes it not easy for nonlinear or anisotropic rocks [71]. Thus,
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process.
In order to simulate the real time fracturing process and avoid
singularity problems in classic fracture mechanics, cohesive
element method, which is implemented by FEM and pre-as-
sumes a fracture zone, has been developed by using traction-
separation law the singularity problem in crack tip [20]. Width of
fracture shrinks to zero at the tip of fracture due to the corre-
sponding energy dissipation, namely, no separation in front of
the fracture [16] and lubrication theory often is adopted to
simulate the ﬂuid ﬂow within fracture [20]. Although this
method is capable of simulating real time crack growth [93], the
fracture path is predeﬁned by pre-installing cohesive elements,
thus, it cannot predict the fracture orientation under complex
stress condition, such as reorientation.
Another method is to implement FEM with continuum
damage mechanics, in which the fracture is represented by the
continuum element whose strength is reduced to a minimal
value, and the permeability of cracked elements can be related to
the corresponding strain or stress state [84]. Or a scalar damage
variable related to strain can be used to represent the isotropic
damage extent of continuum rock, and crack closure process was
simulated by recovering the elastic moduli of rock [91]. This
method is capable of simulating non-planar or ‘out of plane’ ef-
fects [56], however, the elements should be very small in order to
precisely predict the path and shape of HF, and the one ﬁrst order
scalar damage index cannot represent the anisotropic damage
for a single element, which can be solved by introducing more
damage indices with higher orders [63]. Actually, the geometric
choice of crack modelling depends on the its size compared to
the micro-structure of rock, to the overall structure, the crack
initiation, propagation, and local behaviour in crack zone [71].
Adaptive mesh strategy could be used to increase the accuracy
and create reasonable mesh distribution [67].
Multi-layers formation is common in unconventional reser-
voir, however, when it is been numerically simulated, the layers
often has been assumed as perfectly bonded together, especially
when using FEM [5]. Based on PL3Dmodel [5], used FEM to study
hydraulic fracturing in multi-layered medium. But they assumed
that the multi-layers formation was perfectly bonded together,
slip or detach would not occur, and the rocks are homogeneous
within each layer. To improve the precisionwithout much cost in
calculation [97], introduced a method to divide elements to
completely fractured, fracture front, unfractured element. For
fracture front element, ﬂuid pressure was weighted by the
pressure of completely fractured elements and intact elements.
But by this method the proﬁle of the fracture is roughly pre-
dicted, and the permeability and stress variation cannot be
simulated accurately. Besides, Weibull's statistical model often
has been used to simulate the anisotropic characteristics of rock
[91], however, by using this method, the behaviour of the
interface between materials cannot be considered. In order to
simulate the interface attributes [31], introduced a joint model
that was capable of considering opening, closing shear defor-
mation and sliding in natural fracture system. They also used
Finite Volume Method (FVM) to simulate ﬂuid ﬂow combined
with FEMmodelling reservoir deformation. The drawback is that
the crack could only grow along element edges, and an inter-
polation strategy was implemented to generate compatible
meshes between FVM and FEM by splitting nodes to create new
fractures. There are some other methods that are capable of
simulate the interface behaviour. For example [38], used
Displacement Discontinuity Method (DDM) to model vertically
propagating hydraulic fracture penetrates into upper and lower
bedding plane considering interfacial slip based on P3D modeland they concluded that when the slip occurs at the top or
bottom interfaces connected to a hydraulic fracture, width
deformation was easier than the slip happened in the interface
that arrested the leading edge of the crack. Another method is
Boundary Element Method (BEM). By using BEM [94], concluded
that friction behaviour on the pre-existing interface was impor-
tant and the widths of fracture on the two faces of the pre-
existing fracture were different because there was an energy loss
due to friction; soft rock was more possible to pinch the fracture
propagation than stiff rock and large stress difference between
layers could slow the fracturing process [95], etc. However, it
could be seen that when there were several layers of rocks, it
became harder to solve the problem by using BEM or DDM,
because apply continuity conditions on the bond between rocks
the solution becomes complex and will severely restricts the
problem size [69].
Other methods that have been used to simulate hydraulic
fracturing process of hydraulic fractures include eXtended Finite
Element Method (XFEM), Discrete Element Method (DEM) and
Discrete Fracture Network (DFN). Taleghani et al. [80] used XFEM
to investigate the hydraulic fracture intersecting a single natural
fracture [48]; implemented it on the effects of intersection angles
between hydraulic fractures and natural fractures. However,
there are still many tough bones for this method, such as the
branching and intersection of fractures, ﬂuid ﬂow related to
fractures, and the heterogeneities of rocks that may bring solu-
tion problem, etc. [71]. Zhang et al. [92] used DEM to investigate
hydraulic fracture process with different rates of ﬂuid injection
into granular media in pore-scale. The pore space was deﬁned by
the domainwithin closed chains of particles, and pore throat was
deﬁned at the two connected domains. At different injection
rates, the movement of particles were different, thus, different
hydraulic fractures would be formed. Same method had been
used in the research of Thallak et al. [82]. They studied the
simultaneous hydraulic fracturing process by injection at two
points. It was found that the two hydraulic fractures would
change the local stress ﬁeld, and the propagation of hydraulic
fracture would be dominated by local stress ﬁeld but far ﬁeld
stress. However, it is hard of DEM is to consider the continuum
attributes of rock, such as Young's Modulus, permeability;
especially when it comes to ﬁeld scale problem, the calculation
cost of DEM is very large. Tsang et al. [83] used DFN to simulate
micro-fractures to study the hydromechanics of samples with
full developed natural fractures; and Meyer et al. [62] simulated
the complex natural fracture system in macro-scale based on
DFN. By DFN, it is able to consider ﬂuid ﬂow and fracture me-
chanics within the fracture, however, the attributes of matrix has
often been simpliﬁed and cannot be accurately simulated,
neither the generation of new fractures can be properly consid-
ered, and there is also limitations on the angle between fractures
[29,58,60].
5. Conclusion
Hydraulic fracturing is an essential stimulation method in
unconventional reservoirs. The operation cost for a hydraulic
fractured well can reach millions of dollars and the beneﬁts from
better understanding and controling this technology are obvious.
Under complex geological settings, it is important but hard to
predict how the hydraulic fracturing will evolve and it should be
controlled with caution, because hydraulic fractures always
cover a large scope and meet different rocks and structures, and
endure various stress conditions. Undesirable hydraulic frac-
turing results will not only cause economic lost but also lead to
environment pollution, such as water contaminant caused by the
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harmful for ecosystem and is always a public concern. Thus, it is
important to understand the mechanisms of hydraulic fracturing
with complex geological structures and stress conditions.
Because of the low permeability in unconventional gas
reservoir, hydraulic fracturing is applied to generate the fracture
and their networks to improve gas recovery. In order to create a
suitable fracture system, many parameters need to be optimized,
such as the number of perforation clusters per stage, the spacing
between stages, the length of the horizontal well, the sequence
of fracturing operations etc. However, hydraulic fracturing in
unconventional reservoir is more complex than the conventional
one, and it is affected by many factors, such as the low porosity/
permeability, complex in situ stress state, the distribution of
rocks of varied attributes and the existence of arbitrary pre-
existing interfaces etc. Especially when multiple hydraulic frac-
tures have been performed, the competition between hydraulic
fractures will also inﬂuence hydraulic fracturing process. The
limitation in the knowledge on the mechanisms of hydraulic
fracturing in complex geological setting has restricted the in-
vention and application of innovative stimulation methods, such
as Zipper Fracturing [74]. Based on the literature review as above,
here are some problems that still need to be further studied for
unconventional gas reservoir:
(1) Stress is a dominating factor that inﬂuences hydraulic
fracturing process. Most of the existing numerical studies
of hydraulic fracturing have been performed on simpliﬁed
stress condition that cannot reﬂect the complex stress
distribution in unconventional gas reservoirs. Moreover,
stress is changing during the hydraulic fracturing process,
and its variation is sometimes signiﬁcantly dominates the
subsequent hydraulic fracturing process. Also stress will
be inﬂuenced by geological settings, such as different rock
materials, natural fractures etc. Thus, it is necessary to
keep track on the real time stress variations in order to
optimize hydraulic fracturing operation through numeri-
cal simulations in this project.
(2) Heterogeneity is common and signiﬁcant in unconven-
tional reservoirs, including the heterogeneous properties
of rock, such as Young's modulus, compression/tensile
strength of multiple materials, porosity, permeability etc.
and the geological structures such as interlayers and pre-
existing fractures which are more complicated than the
conventional one. In an unconventional reservoir, these
factors interact with each other and thus should be studied
in a coupling relation between stress-porosity-perme-
ability etc. Moreover, some characteristics need to be
specially considered for unconventional reservoir, for
example, ﬂuid ﬂow in unconventional reservoir may obey
different ﬂow laws etc.
(3) Multistage hydraulic fracturing has been performed in
unconventional reservoir, but the optimization of the
treatment is still under discussion because the mutual
effect of hydraulic fractures is complex especially when
considering the heterogeneities in unconventional reser-
voir. Hydraulic fracturing not only will change the stress
condition but also will change the geological structures by
changing their open/close state or create secondary frac-
tures from them. Nevertheless, existing numerical simu-
lations seldom have conducted the research on the bases
of complex geological setting considering the heteroge-
neity of reservoir and real time stress variation during the
fracturing process, which is vital for the optimization of
hydraulic fracturing design.(4) Hydraulic fracturing has been performed on multiple
wells with simultaneous/sequential performing method.
New methods such as Zipper Fracturing have been per-
formed based on multiple well fracturing methods to
create complex fracture system to increase production.
However, it is still unclear on the mechanisms of hydraulic
fracturing performed on multiple wells, including the
mutual effect of hydraulic fractures considering the com-
plex geological settings, and it becomes a great restriction
on innovative simulation methods. Moreover, the opera-
tion of productionwell will also change the stress and ﬂuid
ﬂow distribution, and will affect the hydraulic fracturing
process. Thus, it is necessary to study hydraulic fracturing
process on multiple wells to ﬁgure out the mechanisms of
fracturing process and optimize hydraulic fracturing
performance.
(5) Although numerous laboratory studies have been con-
ducted on hydraulic fracturing, few numerical studies
have been performed on the experiments to further
analyse the mechanisms of hydraulic fracturing on the
particular conditions under complex geological settings
and further address the above issues.References
[1] H.H. Abass, S. Hedayati, D.L. Meadows, Nonplanar fracture propagation
from a horizontal wellbore: experimental study, SPE Prod. Oper. 11 (3)
(1996) 133e137.
[2] H.H. Abass, M.Y. Soliman, A.M. Al-Tahini, J.B. Surjaatmadja, D.L. Meadows,
L. Sierra, Oriented fracturing: a new technique to hydraulically fracture an
openhole horizontal well, in: SPE Annual Technical Conference and Exhi-
bition, Society of Petroleum Engineers, New Orleans, Louisiana, 2009.
[3] Y.N. Abousleiman, M.H. Tran, S. Hoang, C.P. Bobko, A. Ortega, F.-J. Ulm,
Geomechanics ﬁeld and laboratory characterization of the woodford shale:
the next gas play, in: SPE Annual Technical Conference and Exhibition,
Society of Petroleum Engineers, Anaheim, California, U.S.A., 2007.
[4] J. Adachi, E. Siebrits, A. Peirce, J. Desroches, Computer simulation of hy-
draulic fractures, Int. J. Rock Mech. Min. Sci. 44 (5) (2007) 739e757.
[5] S.H. Advani, T.S. Lee, J.K. Lee, Three-Dimensional modeling of hydraulic
fractures in layered media: part Ieﬁnite element formulations, J. Energy
Resour. Technol. 112 (1) (1990) 1e9.
[6] G.D. Anderson, Effects of friction on hydraulic fracture growth near
unbonded interfaces in rocks, Soc. Petrol. Eng. J. 21 (1) (1981) 21e29.
[7] M. Bai, S. Green, L.A. Casas, J.L. Miskimins, 3-D simulation of large scale
laboratory hydraulic fracturing tests, in: ARMA the 41st U.S. Symposium on
Rock Mechanics. Golden, Colorada, 2006.
[8] R.D. Barree, A practical numerical simulator for three-dimensional fracture
propagation in heterogeneous media, in: SPE Reservoir Simulation Sym-
posium. San Francisco, California, Society of Petroleum Engineers of AIME,
1983, 1983 Copyright 1983.
[9] R.D. Barree, J.V. Gilbert, M. Conway, Stress and rock property proﬁling for
unconventional reservoir stimulation, in: SPE Hydraulic Fracturing Tech-
nology Conference, Society of Petroleum Engineers, The Woodlands, Texas,
2009.
[10] C.A. Barton, M.D. Zoback, D. Moos, Fluid ﬂow along potentially active faults
in crystalline rock, Geology 23 (8) (1995) 683e686.
[11] T.L. Blanton, An experimental study of interaction between hydraulically
induced and pre-existing fractures, in: SPE Unconventional Gas Recovery
Symposium. Pittsburgh, Pennsylvania, Society of Petroleum Engineers of
AIME, 1982, 1982 Copyright 1982.
[12] H.D. Brannon, D.E. Kendrick, E. Luckey, A. Stipetich, Multi-stage fracturing
of horizontal wells using ninety-ﬁve quality foam provides improved shale
gas production, in: SPE Eastern Regional Meeting, Society of Petroleum
Engineers, Charleston, West Virginia, USA, 2009.
[13] A.P. Bunger, X. Zhang, R.G. Jeffrey, Parameters affecting the interaction
among closely spaced hydraulic fractures, SPE J. 17 (1) (2012) 292e306.
[14] J.H.L. Calvez, M.E. Craven, R.C. Klem, J.D. Baihly, L.A. Bennett, K. Brook, Real-
time microseismic monitoring of hydraulic fracture treatment: a tool to
improve completion and reservoir management, in: SPE Hydraulic Frac-
turing Technology Conference, Society of Petroleum Engineers, College
Station, Texas USA, 2007.
[15] B. Carter, J. Desroches, A. Ingraffea, P. Wawrzynek, Simulating fully 3D
hydraulic fracturing, Model. Geomech. (2000) 525e557.
[16] E.C. Carvalho, M.A.L. Bendezu, M. F. F. d. Oliveira, D.M. Roehl, L. C.
d. Sousa Jr., Finite element modeling of hydraulic fracturing in vertical
wells, Mecanica Comput. XXIX (88) (2010) 7.
Q. Li et al. / Petroleum 1 (2015) 8e1514[17] L.A. Casas, J.L. Miskimins, A.D. Black, S.J. Green, Laboratory hydraulic frac-
turing test on a rock with artiﬁcial discontinuities, in: SPE Annual Technical
Conference and Exhibition, Society of Petroleum Engineers, San Antonio,
Texas, USA, 2006.
[18] J.C. Castaneda, L. Castro, S.H. Craig, C. Moore, J.H. Myatt, Coiled tubing
fracturing: an operational review of a 43-stage barnett shale stimulation,
in: SPE/ICoTA Coiled Tubing and Well Intervention Conference and Exhi-
bition, Society of Petroleum Engineers, The Woodlands, Texas, USA, 2010.
[19] H. Chang, Hydraulic Fracturing in Particulate Materials, Ph.D. 3154919,
Georgia Institute of Technology, 2004.
[20] Z. Chen, A.P. Bunger, X. Zhang, R.G. Jeffrey, Cohesive zone ﬁnite element-
based modeling of hydraulic fractures, Acta Mech. Solida Sin. 22 (5) (2009)
443e452.
[21] S.T. Chipperﬁeld, J.R. Wong, D.S. Warner, C.L. Cipolla, M.J. Mayerhofer,
E.P. Lolon, N.R. Warpinski, Shear dilation diagnostics: a new approach for
evaluating tight gas stimulation treatments, in: SPE Hydraulic Fracturing
Technology Conference, Society of Petroleum Engineers, College Station,
Texas USA, 2007.
[22] C.L. Cipolla, Modeling production and evaluating fracture performance in
unconventional gas reservoirs, J. Petrol. Technol. 61 (9) (2009) 84e90.
[23] C.L. Cipolla, N.R. Warpinski, M. Mayerhofer, E.P. Lolon, M. Vincent, The
relationship between fracture complexity, reservoir properties, and frac-
ture-treatment design, SPE Prod. Oper. 25 (4) (2010) 438e452.
[24] M.P. Cleary, M. Kavvadas, K.Y. Lam, Development of a fully three-dimen-
sional simulator for analysis and design of hydraulic fracturing, in: SPE/
DOE Low Permeability Gas Reservoirs Symposium, Society of Petroleum
Engineers of AIME, Denver, Colorado, 1983. Copyright 1983.
[25] R.J. Clifton, J.-J. Wang, Adaptive Optimal Mesh Generator for Hydraulic
Fracturing Modeling, A.A. Balkema, 1991. Permission to Distribute e
American Rock Mechanics Association.
[26] J.W. Crafton, G.S. Penny, D.M. Borowski, Micro-emulsion effectiveness for
twenty four wells, eastern green river, wyoming, in: SPE Rocky Mountain
Petroleum Technology Conference, Society of Petroleum Engineers, Den-
ver, Colorado, 2009.
[27] A.A. Daneshy, Hydraulic fracture propagation in the presence of planes of
weakness, in: SPE European Spring Meeting, American Institute of Mining,
Metallurgical, and Petroleum Engineers, Inc, Amsterdam, Netherlands,
1974, 1974 Copyright 1974.
[28] A.A. Daneshy, Factors controlling the vertical growth of hydraulic fractures,
in: SPE Hydraulic Fracturing Technology Conference, Society of Petroleum
Engineers, The Woodlands, Texas, 2009.
[29] W.S. Dershowitz, P.R. La Pointe, T.W. Doe, Advances in discrete fracture
network modeling, in: Proceedings of the US EPA/NGWA Fractured Rock
Conference, Portland, 2004.
[30] W. El Rabaa, Experimental study of hydraulic fracture geometry initiated
from horizontal wells, in: SPE Annual Technical Conference and Exhibition,
Society of Petroleum Engineers, Inc, San Antonio, Texas, 1989, 1989
Copyright 1989.
[31] P. Fu, S.M. Johnson, C.R. Carrigan, An explicitly coupled hydro-geo-
mechanical model for simulating hydraulic fracturing in arbitrary discrete
fracture networks, Int. J. Numer. Anal. Methods Geomech. 37 (14) (2013)
2278e2300.
[32] R.L. Fung, S. Vilayakumar, D.E. Cormack, Calculation of vertical fracture
containment in layered formations, SPE Form. Eval. 2 (4) (1987) 518e522.
[33] J.F.W. Gale, R.M. Reed, J. Holder, Natural fractures in the Barnett Shale and
their importance for hydraulic fracture treatments, AAPG Bull. 91 (4)
(2007) 603e622.
[34] J. Geertsma, F. d. Klerk, A rapid method of predicting width and extent of
hydraulically induced fractures, J. Pet. Tech. 21 (1969) 1571e1581.
[35] A.E. Green, I.N. Sneddon, The distribution of stress in the neighbourhood of
a ﬂat elliptical crack in an elastic solid, Math. Proc. Camb. Philos. Soc. 46
(01) (1950) 159e163.
[36] W.V. Grieser, W.E. Wheaton, W.D. Magness, M.E. Blauch, R. Loghry, Sur-
face reactive ﬂuid's effect on shale, in: Production and Operations Sym-
posium, Society of Petroleum Engineers, Oklahoma City, Oklahoma, U.S.A.,
2007.
[38] H. Gu, E. Siebrits, A. Sabourov, Hydraulic-fracture modeling with bedding
plane interfacial slip, in: SPE Eastern Regional/AAPG Eastern Section Joint
Meeting, Society of Petroleum Engineers, Pittsburgh, Pennsylvania, USA,
2008.
[39] E.L. Hagstr€om, J.M. Adams, Hydraulic fracturing: identifying and managing
the risks, Environ. Claims J. 24 (2) (2012) 93e115.
[40] B. Haimson, A. Klaetsch, Compaction bands and the formation of slot-
shaped breakouts in St. Peter sandstone, Geol. Soc. Lond. Spec. Publ. 284 (1)
(2007) 89e105.
[41] B.C. Haimson, Large scale laboratory testing of hydraulic fracturing, Geo-
phys. Res. Lett. 8 (7) (1981) 715e718.
[42] M.E. Hanson, R.J. Shaffer, G.D. Anderson, Effects of various parameters on
hydraulic fracturing geometry, in: SPE 1980 Unconventional Gas Recovery
Symposium. Pittsburgh, 1980.
[43] J. Shlyapobersky, Energy Analysis of Hydraulic Fracturing, A. A. Balkema,
Rotterdam, 1985. Permission to Distribute e American Rock Mechanics
Association.
[44] R.L. Johnson, B. Glassborow, A. Datey, Z.J. Pallikathekathil, J.J. Meyer, Uti-
lizing current technologies to understand permeability, stress azimuths andmagnitudes and their impact on hydraulic fracturing success in a coal seam
gas reservoir, in: SPE Asia Paciﬁc Oil and Gas Conference and Exhibition,
Society of Petroleum Engineers, Brisbane, Queensland, Australia, 2010.
[45] R.L. Johnson, J.C.W. Greenstreet, Managing uncertainty related to hydraulic
fracturing modeling in complex stress environments with pressure-
dependent leakoff, in: SPE Annual Technical Conference and Exhibition,
Society of Petroleum Engineers, Denver, Colorado, 2003.
[46] R.L. Johnson, J.L. Rogerson, More effective hydraulic fracturing in second-
ary, in-ﬁll developments, permian basin, using bottomhole pressure and
in-situ stress proﬁling techniques, in: SPE Permian Basin Oil and Gas Re-
covery Conference. Midland, Texas, 1998.
[47] P.B. Kaufman, G.S. Penny, J. Paktinat, Critical evaluation of additives used in
shale slickwater fracs, in: SPE Shale Gas Production Conference, Society of
Petroleum Engineers, Fort Worth, Texas, USA, 2008.
[48] R. Keshavarzi, S. Mohammadi, A new approach for numerical modeling of
hydraulic fracture propagation in naturally fractured reservoirs, in: SPE/
EAGE European Unconventional Resources Conference and Exhibition,
Society of Petroleum Engineers, Vienna, Austria, 2012.
[49] A.A. Ketter, J.L. Daniels, J.R. Heinze, G. Waters, A ﬁeld study in optimizing
completion strategies for fracture initiation in barnett shale horizontal
wells, SPE Prod. Oper. 23 (3) (2008) 373e378.
[50] S. Khristianovic, Y. Zheltov, Formation of vertical fractures by means of
highly viscous liquid, in: Proceedings of the Fourth World Petroleum
Congress. Rome, 1955, pp. 579e586.
[51] G.E. King, Thirty years of gas shale fracturing: what have we learned?, in:
SPE Annual Technical Conference and Exhibition, SPE, Florence, Italy, 2010.
[52] G.E. King, L. Haile, J.A. Shuss, T. Dobkins, Increasing fracture path
complexity and controlling downward fracture growth in the barnett
shale, in: SPE Shale Gas Production Conference, Society of Petroleum En-
gineers, Fort Worth, Texas, USA, 2008.
[53] A. Kissinger, R. Helmig, A. Ebigbo, H. Class, T. Lange, M. Sauter, M. Heitfeld,
J. Klünker, W. Jahnke, Hydraulic fracturing in unconventional gas reser-
voirs: risks in the geological system, part 2, Environ. Earth Sci. 70 (8)
(2013) 3855e3873.
[54] N. Lamont, F.W. Jessen, The effects of existing fractures in rocks on the
extension of hydraulic fractures, in: SPE 37th Annual Fall Meeting, 1963.
[55] T. Lange, M. Sauter, M. Heitfeld, K. Schetelig, K. Brosig, W. Jahnke,
A. Kissinger, R. Helmig, A. Ebigbo, H. Class, Hydraulic fracturing in un-
conventional gas reservoirs: risks in the geological system part 1, Environ.
Earth Sci. 70 (8) (2013) 3839e3853.
[56] L.C. Li, C.A. Tang, G. Li, S.Y. Wang, Z.Z. Liang, Y.B. Zhang, Numerical simu-
lation of 3D hydraulic fracturing based on an improved ﬂow-stress-dam-
age model and a parallel FEM technique, Rock Mech. Rock Eng. 45 (5)
(2012) 801e818.
[57] E. Lolon, c. cipolla, L. Weijers, R.E. Hesketh, M.W. Grigg, Evaluating hori-
zontal well placement and hydraulic fracture spacing/conductivity in the
bakken formation, North Dakota, in: SPE Annual Technical Conference and
Exhibition, Society of Petroleum Engineers, New Orleans, Louisiana, 2009.
[58] J. Maryska, O. Severyn, M. Vohralík, Mixed-hybrid FEM discrete fracture
network model of the fracture ﬂow, in: P.A. Sloot, A. Hoekstra, C.J.K. Tan,
J. Dongarra (Eds.), Computational Science d ICCS 2002, 2331, Springer,
Berlin Heidelberg, 2002, pp. 794e803.
[59] S.C. Maxwell, C. Waltman, N.R. Warpinski, M.J. Mayerhofer, N. Boroumand,
Imaging seismic deformation induced by hydraulic fracture complexity, in:
SPE Annual Technical Conference and Exhibition, Society of Petroleum
Engineers, San Antonio, Texas, USA, 2006.
[60] M.W. McClure, R.N. Horne, Discrete Fracture Network Modeling of Hy-
draulic Stimulation, Springer International Publishing, 2013.
[61] D.A. Mendelsohn, A review of hydraulic fracture modelingdII: 3d
modeling and vertical growth in layered rock, J. Energy Resour. Technol.
106 (4) (1984) 543.
[62] B.R. Meyer, L.W. Bazan, A discrete fracture network model for hydraulically
induced fractures: theory, parametric and case studies, in: SPE Hydraulic
Fracturing Technology Conference, Society of Petroleum Engineers, The
Woodlands, Texas, USA, 2011.
[63] S. Murakami, Continuum Damage Mechanics: a Continuum Mechanics
Approach to the Analysis of Damage and Fracture, Springer, 2012.
[64] P.N. Mutalik, R.W. Gibson, Case history of sequential and simultaneous
fracturing of the barnett shale in Parker county, in: SPE Annual Technical
Conference and Exhibition, Society of Petroleum Engineers, Denver, Colo-
rado, USA, 2008.
[65] R.P. Nordgren, Propagation of a vertical hydraulic fracture, Soc. Petrol. Eng.
J. 12 (4) (1972) 306e314.
[66] T.N. Olsen, T.R. Bratton, M.J. Thiercelin, Quantifying proppant transport for
complex fractures in unconventional formations, in: SPE Hydraulic Frac-
turing Technology Conference, Society of Petroleum Engineers, The
Woodlands, Texas, 2009.
[67] S. Ouyang, G.F. Carey, C.H. Yew, An adaptive ﬁnite element scheme for
hydraulic fracturing with proppant transport, Int. J. Numer. Methods Fluids
24 (7) (1997) 645e670.
[68] A. Pak, D.H. Chan, Numerical modeling of hydraulic fracturing in oil sands,
Sci. Iran. 15 (5) (2008) 20.
[69] A. Peirce, E. Siebrits, Uniform asymptotic approximations for accurate
modeling of cracks in layered elastic media, Int. J. Fract. 110 (3) (2001)
205e239.
Q. Li et al. / Petroleum 1 (2015) 8e15 15[70] T.K. Perkins, L.R. Kern, Widths of hydraulic fractures, J. Pet. Tech. 13 (9)
(1961) 937e949.
[71] S. Pommier, A. Gravouil, A. Combescure, N. Moes, Extended Finite Element
Method for Crack Propagation, Wiley, London, 2011.
[72] J.T. Pursley, G.S. Penny, J.H. Benton, D.T. Greene, G.S. Nordlander,
M.A. McDougall, J.W. Crafton, Field case studies of completion ﬂuids to
enhance oil and gas production in depleted unconventional reservoirs, in:
Rocky Mountain Oil & Gas Technology Symposium, Society of Petroleum
Engineers, Denver, Colorado, U.S.A., 2007.
[73] T.H. Quinn, J.P. Dwyer, C.A. Wolfe, S.A. Morris, D.F. Coope, Formation
evaluation logging while drilling (LWD) in unconventional reservoirs for
production optimization, in: SPE Eastern Regional/AAPG Eastern Section
Joint Meeting, Society of Petroleum Engineers, Pittsburgh, Pennsylvania,
USA, 2008.
[74] M. Raﬁee, M.Y. Soliman, E. Pirayesh, Hydraulic Fracturing Design and
Optimization: a Modiﬁcation to Zipper Frac, Society of Petroleum Engi-
neers, 2012.
[75] P. Ribeiro, R. Horne, Pressure and temperature transient analysis: hydraulic
fractured well application, in: SPE Annual Technical Conference and
Exhibition, Society of Petroleum Engineers, New Orleans, Louisiana, USA,
2013.
[76] M.P. Scott, L.J. Raymond Jr., A. Datey, C. Vandenborn, R.A. Woodroof Jr.,
Evaluating hydraulic fracture geometry from sonic anisotropy and radio-
active tracer logs, in: SPE Asia Paciﬁc Oil & Gas Conference and Exhibition.
Brisbane, Queensla Nd, Australia, 2010.
[77] E. Siebrits, A.P. Peirce, An efﬁcient multi-layer planar 3D fracture growth
algorithm using a ﬁxed mesh approach, Int. J. Numer. Methods Eng. 53 (3)
(2002) 691e717.
[78] E.R. Simonson, A.S. Abou-Sayed, R.J. Clifton, Containment of massive hy-
draulic fractures, Soc. Petrol. Eng. J. 18 (1) (1978) 27e32.
[79] M.B. Smith, A.B. Bale, L.K. Britt, H.H. Klein, E. Siebrits, X. Dang, Layered
modulus effects on fracture propagation, proppant placement, and fracture
modeling, in: SPE Annual Technical Conference and Exhibition, Society of
Petroleum Engineers Inc, New Orleans, Louisiana, 2001.
[80] A.D. Taleghani, J.E. Olson, Numerical modeling of multi-stranded hy-
draulic fracture propagation: accounting for the interaction between
induced and natural fractures, in: SPE Annual Technical Conference and
Exhibition, Society of Petroleum Engineers, New Orleans, Louisiana,
2009.
[81] L.W. Teufel, J.A. Clark, Hydraulic fracture propagation in layered rock:
experimental studies of fracture containment, in: SPE 1981 Low-perme-
ability Gas Symposium. Denver, 1981.
[82] S. Thallak, L. Rothenburg, M. Dusseault, Simulation of multiple hydraulic
fractures in a discrete element system, in: The 32nd US Symposium on
Rock Mechanics (USRMS), 1991.[83] C.-F. Tsang, J. Rutqvist, K.-B. Min, Fractured rock hydromechanics: from
borehole testing to solute transport and CO2 storage, Geol. Soc. Lond. Spec.
Publ. 284 (1) (2007) 15e34.
[84] M. Wangen, Finite element modeling of hydraulic fracturing in 3D, Com-
put. Geosci. 17 (4) (2013) 647e659.
[85] N.R. Warpinski, P.T. Branagan, Altered-stress fracturing, J. Petrol. Technol.
41 (9) (1989) 990e997.
[86] N.R. Warpinski, P.T. Branagan, R.E. Peterson, S.L. Wolhart, An interpretation
of m-site hydraulic fracture diagnostic results, in: SPE Rocky Mountain
Regional/Low-permeability Reservoirs Symposium, Society of Petroleum,
Engineers, Inc, Denver, Colorado, 1998, 1998 Copyright 1998.
[87] N.R. Warpinski, L.W. Teufel, Inﬂuence of geologic discontinuities on hy-
draulic fracture propagation, J. Petrol. Technol. 39 (2) (1987) 209e220.
[88] G.A. Waters, B.K. Dean, R.C. Downie, K.J. Kerrihard, L. Austbo, B. McPherson,
Simultaneous hydraulic fracturing of adjacent horizontal wells in the
woodford shale, in: SPE Hydraulic Fracturing Technology Conference, So-
ciety of Petroleum Engineers, The Woodlands, Texas, 2009.
[89] L. Weijers, C. J. d. Pater, K.A. Owens, H.H. Kogsbøll, Geometry of hydraulic
fractures induced from horizontal wellbores, SPE Prod. Oper. 9 (2) (1994)
87e92.
[90] W. Xu, M.J. Thiercelin, I.C. Walton, Characterization of hydraulically-
induced shale fracture network using an analytical/semi-analytical model,
in: SPE Annual Technical Conference and Exhibition, Society of Petroleum
Engineers, New Orleans, Louisiana, 2009.
[91] T.H. Yang, L.G. Tham, C.A. Tang, Z.Z. Liang, Y. Tsui, Inﬂuence of heteroge-
neity of mechanical properties on hydraulic fracturing in permeable rocks,
Rock Mech. Rock Eng. 37 (4) (2004) 251e275.
[92] F. Zhang, B. Damjanac, H. Huang, Coupled discrete element modeling of
ﬂuid injection into dense granular media, J. Geophys. Res. Solid Earth 118
(6) (2013) 2703e2722.
[93] G.M. Zhang, H. Liu, J. Zhang, H.A. Wu, X.X. Wang, Three-dimensional ﬁnite
element simulation and parametric study for horizontal well hydraulic
fracture, J. Petrol. Sci. Eng. 72 (3e4) (2010) 310e317.
[94] X. Zhang, R.G. Jeffrey, M. Thiercelin, Deﬂection and propagation of ﬂuid-
driven fractures at frictional bedding interfaces: a numerical investigation,
J. Struct. Geol. 29 (3) (2007) 396e410.
[95] X. Zhang, R.G. Jeffrey, M. Thiercelin, Escape of ﬂuid-driven fractures from
frictional bedding interfaces: a numerical study, J. Struct. Geol. 30 (4)
(2008) 478e490.
[96] J. Zhou, Y. Jin, M. Chen, Experimental investigation of hydraulic fracturing
in random naturally fractured blocks, Int. J. Rock Mech. Min. Sci. 47 (7)
(2010) 1193e1199.
[97] L. Zhou, M.Z. Hou, A new numerical 3D-model for simulation of hydraulic
fracturing in consideration of hydro-mechanical coupling effects, Int. J.
Rock Mech. Min. Sci. 60 (0) (2013) 370e380.
